The rates of utilization of glycogen and exogenous glucose by hearts perfused at low coronary flows and high perfusate oxygen tension (ischemia) and by hearts perfused at high coronary flows and low perfusate oxygen tension (anoxia) were studied in the isolated, working rat heart. Ischemic tissue had a glycolytic rate that was 25% of the anoxic rate and 50* of the control rate; Inhibition of carbohydrate utilization during ischemia was due to a lower flux through the glycolytic pathway and not to a lower rate of glucose transport or substrate availability. Insulin and elevated perfusate glucose increased glucose transport and caused accumulation of free intracellular glucose, but ischemia still inhibited glucose utilization. Insulin failed to maintain tissue levels of high-energy phosphates or to prevent mechanical failure in ischemic hearts. In the absence of insulin, tissue lactate increased tenfold during 20 minutes of ischemia, although it increased only threefold in anoxic tissue. The increased tissue lactate in ischemic hearts corresponded to the inhibition of glycolysis and to the failure of mechanical performance. Insulin caused a further increase in tissue lactate during ischemia. These findings illustrate several important differences between anoxia and ischemia and suggest that insulin may be more harmful than it is beneficial in severely ischemic tissue.
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• Decreased oxygen supply has several effects on myocardial metabolism. Utilization of both exogenous glucose and tissue glycogen is accelerated (1) (2) (3) , and oxidation of fatty acids is inhibited (4) during hypoxia or anoxia. Acceleration of glycolysis has been related to decreased tissue levels of creatine phosphate and adenosine triphosphate (ATP) and to increased tissue levels of inorganic phosphate (Pi), adenosine diphosphate (ADP), and adenosine monophosphate (AMP) (3, 5, 6) . The activity of phosphofructoldnase is inhibited by ATP and accelerated by P,, ADP, and AMP (7, 8) . The supply of substrate for glycolysis is increased during anoxia through the activation of both glycogenolysis (9) and glucose transport across the cell membrane (10, 11) . Glycogenolysis is accelerated by increased activity of phosphorylase b due to decreased levels of ATP (an inhibitor) and increased levels of AMP (an activator) and Pi (a substrate) (3, 9) . Acceleration of glucose transport also may be related to changes in the tissue levels of adenine nucleotides (11) . Pyruvate produced by glycolysis is diverted from oxidation through the citrate cycle to the formation of lactate due to high levels of NADH (6) , and lactate release from the tissue is increased severalfold.
Oxygen deprivation through decreased coronary flow (ischemia) rather than decreased oxygen tension (Po2) (anoxia or hypoxia) leads to similar changes in the energy state of the tissue (12) (13) (14) (15) : the levels of creatine phosphate and ATP decrease and the levels of ADP and AMP increase. By analogy with anoxia, acceleration of carbohydrate utilization should occur during ischemia. Increased glucose utilization has been reported in dog hearts in which coronary flow is reduced (16, 17) . However, Jennings (13) has reported that oxygen deprivation due to decreased coronary flow results in quite a different pattern of metabolic changes than does decreased P02 with maintenance of coronary flow. Sluggish coronary flow reduces the delivery rates of other substrates in addition to oxygen and the removal rate of metabolic products. Whole-heart ischemia in the isolated, working rat 700 ROVETTO, WHITMER, NEELY heart preparation increases the rate of lactate production about threefold during the first 15 minutes of perfusion (14) . This accelerated rate, however, is not maintained, and between 15 and 30 minutes of perfusion the rate decreases to that in control hearts. This reduction in lactate production indicates that inhibition of glycolysis develops during perfusion under ischemic conditions.
In the present study, rates of carbohydrate utilization and tissue levels of metabolic intermediates were compared in isolated rat hearts in which oxygen deprivation was induced by decreasing coronary flow (ischemia) or by bubbling the perfusate with N 2 -CO 2 while maintaining coronary flow (anoxia).
Methods
Whole-heart ischemia was induced in the isolated, working rat heart preparation by using a one-way aortic valve described previously (18). The one-way valve was placed in the aortic outflow tract so that the ventricle freely ejected perfusate during systole, but the valve prevented retrograde perfusion of the coronary vessels during diastole. A second aortic outflow tube, which bypassed the one-way valve, was provided for perfusion of control hearts. Control and preischemic perfusions were conducted as described for the working heart preparation (19) with a left atrial filling pressure of 10 cm HO and a ventricular hydrostatic pressure afterload of 60 mm Hg. The hearts received a 10-minute washout perfusion and a 10-minute perfusion as a control working heart before ischemia was induced. The perfusate was Krebs-Henseleit bicarbonate buffer bubbled with 95% O 2 -5% CO 2 . The buffer contained glucose with or without insulin at the concentration indicated in the figures and tables. Anoxia was induced by switching the hearts to a buffered perfusate bubbled with 95* N 2 -5% CO 2 . Coronary flow was maintained in anoxic hearts after ventricular failure developed by providing a constant hydrostatic aortic perfusion pressure of 60 mm Hg.
Tissue dry weight, glycogen content, intracellular free glucose, and distribution of s H-sorbitol and 14 C-3-O-methyl glucose were estimated as previously described (20, 21) . Utilization of exogenous glucose was estimated over short time intervals by measuring 8 H 2 O production from 3 H-5-glucose (22) . Tissue creatine phosphate, adenine nucleotides, lactate, pyruvate, glucose-6-phosphate, and citrate were measured on perchloric acid extracts of hearts that were quickly frozen by clamping them between two aluminum blocks cooled with liquid nitrogen. The frozen tissue was powdered in a percussion mortar maintained at the temperature of liquid nitrogen. Lactate and pyruvate were measured by the lactate dehydrogenase procedure, and creatine phosphate, adenine nucleotides, and glucose-6-phosphate were measured by standard enzymatic procedures described by Bergmeyer (23) . Citrate was measured by the citrate lyase procedure (24) .
Tissue distribution of coronary flow was estimated by measuring the rate of washout and the tissue retention of 14 C-sorbitol. Sorbitol distributes in the extracellular space, and the rate and the extent of washout from hearts previously loaded with this substance should provide a relative measure of the amount of tissue being perfused. Hearts were perfused with 14 C-sorbitol during the 10-minute preischemic period. Control hearts were then switched to a sorbitol-free perfusate, and five 1-ml samples of coronary effluent were collected. For ischemic hearts, perfusion with 14 C-sorbitol was continued until the coronary flow decreased to 5 ml/min. These hearts were then switched to a sorbitolfree perfusate, and five l^ml samples of coronary effluent were collected. Perfusion was stopped immediately after the fifth sample was collected, and the hearts were cut open, blotted, and frozen. The tissue content of 14 C-sorbitol was determined on a perchloric acid extract.
Results

Effects of Reduced Coronary Flow on Ventricular
Pressure Development.-The rate of coronary flow averaged about 14 ml/min in control working hearts with a left atrial filling pressure of 10 cm HO (Fig. 1) . These hearts developed a peak systolic pressure of about 80 mm Hg throughout the 30-minute perfusion. At zero time, coronary flow was reduced by clamping the bypass tube around a one-way aortic valve. The one-way valve prevented retrograde perfusion of the coronary vessels during diastole, and coronary flow decreased from 14 to about 7 ml/min within 30 seconds. As a result, ventricular pressure development decreased slowly during the next 5 minutes of perfusion, and then it rapidly declined between 5 and 10 minutes. Since coronary flow occurred primarily during systole, the rate of flow continued to decrease as ventricular failure progressed. After 12 minutes of perfusion during ischemia, peak systolic pressure had decreased to about 15 mm Hg and coronary flow had decreased to about 1.5 ml/min. Both control and ischemic hearts were electrically paced at '300 beats/min. When unpaced hearts were made ischemic, failure of contractile activity was represented by a decrease in both pressure development and heart rate. A more consistent pattern of ventricular failure as defined by decreased systolic pressure development was obtained by maintaining a constant heart rate.
Effects of Ischemia and Anoxia on Carbohydrate
Utilization-Utilization of exogenous glucose by control hearts averaged about 7 /imoles/min g" 1 dry weight (Fig. 2) . Replacing the oxygenated perfusate with buffer bubbled with 95* N 2 -5% CO 2 both ischemic and anoxic hearts (Table 1) . About 22% pf the glycogen was used in the first 2 minutes in both cases, but the rate was faster in anoxic than in ischemic hearts between 2 and 4 minutes of perfusion. At the end of 4 minutes, tissue glycogen had decreased 70% in anoxic hearts compared with 44% in ischemic hearts. Ischemic hearts continued to use glycogen at a slow rate, and after 30 minutes the level of residual glycogen was similar during anoxia and ischemia. In comparison, control hearts used only about 15% of their tissue glycogen during 30 minutes of perfusion.
Total flux through the glycolytic pathway (calculated as the sum of glucose and glycogen utilization); was fastest during the first few minutes of perfusion during ischemia and anoxia (Table 2) . This initial increase in flux was due primarily to a more rapid utilization of glycogen (Table 1) . With continued perfusion, glycolytic flux decreased in both anoxic and ischemic tissue, but the rate in anoxic hearts was maintained at about three times the control rate; however, flux in ischemic hearts was reduced to below the control rate. Hearts were perfused as described for Figure 2 with buffer containing 11 niM glucose and bubbled with 95% O»-5% COj (control and ischemic) or 95% Ni-5% COi (anoxic). Each value represents the mean ± BE for six to eight hearts. Hearts were perfused as described for Figure 2 . Coronary effluent was collected during the time periods indicated. Lactate release into the perfusate was calculated from the rate of coronary flow and the concentration of lactate in the coronary effluent. Coronary flow for anoxic hearts averaged 15 =*= 1.0 ml/min throughout the 30-minute perfusion. Lactate production was calculated as the sum of lactate release and accumulation in the tissue (Table 3) . Glycolytic flux was calculated as the sum of exogenous glucose and glycogen utilization ( Fig. 2 and Table 1 ). Values for lactftte release represent the mean =t SE for six to eight hearts.
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TABLE 2
Effects of Ischemia and Anoxia on Glycolytic Flux and Lactate Production
Lactate production was increased more than threefold in the ischemic hearts between 2 and 20 minutes of perfusion but returned to near the control rate by 30 minutes (Table 2) . Lactate production by ischemic hearts could account for more than 100% of the glucose utilized between 7 and 20 minutes of perfusion. However, production of lactate by anoxic hearts could account for about 100% of the glucose utilized throughout the 30-minute perfusion. This observation suggests that other metabolic intermediates were converted to lactate during ischemia.
These data indicate that reducing oxygen delivery initially accelerated glycolysis in both ischemic and anoxic hearts. The rate during the first 3 minutes was about twice as fast in anoxic hearts as it was in ischemic hearts due to a faster rate of utilization of both exogenous glucose and glycogen. As tissue glycogen was depleted, the rate of glycolysis decreased from the initial high rate in both cases. However, the rate of utilization of exogenous glucose between 5 and 30 minutes in anoxic hearts was about four times as fast as it was in ischemic hearts and three times as fast as it was in control hearts. Thus inhibition of glycolysis developed during ischemic perfusion but not during anoxic perfusion. Production of lactate could account for all of the glucose utilized by anoxic hearts and for more than 100% of the glucose utilized by ischemic hearts during much of the perfusion period.
Effects of Ischemia on Glucose Transport and Phosphorylation.-Inhibition of glycolysis in ischemic hearts could have occurred at the level of glucose transport, at phosphorylation of glucose by hexokinase, or at some step within the glycolytic pathway, such as those controlled by phosphofructokinase or glyceraldehyde-P-dehydrogenase. The rate of glucose transport was estimated by measuring the tissue distribution of a nonmetabolized sugar (3-O-methly glucose). The rate of sugar transport was not significantly different in control and ischemic hearts at 4 and 12 minutes of perfusion. The percent of intracellular water equilibrated with 3-O-methyl glucose was 37 ± 4 and 38 ± 5% after 4 minutes and 64 ± 5 and 57 ± 6% after 12 minutes in control and ischemic hearts, respectively. These data suggest that inhibition of glucose transport could not account for the decreased rate of glucose utilization observed in ischemic hearts. These data also point out another difference between ischemia and anoxia: anoxia CircuLtitm Rtsttrcb, Vol. XXX11, Jmu 197 3 accelerated glucose transport (5, 11), but ischemia did not.
Inhibition of hexokinase did not limit the rate of glucose utilization during ischemia, since glucose-6-phosphate accumulated (Table 1) . This accumulation of hexose monophosphate indicated that utilization of glucose was inhibited at some step within the glycolytic pathway. The increase in glucose-6-phosphate probably resulted from decreased disposal rather than increased production of the monophosphate: no increase in glucose transport was detected and the rate of glycogenolysis was fastest during the first 4 minutes of perfusion when glucose-6-phosphate was increased only slightly and was greatly reduced by 8 minutes when the highest levels of glucose-6-phosphate were found. Also, the level of glucose-6-phosphate decreased between 2 and 4 minutes in anoxic hearts even though the rate of glycogenolysis was faster in anoxic hearts than it was in ischemic hearts (Table  1 ). These data indicate that disposal of hexose monophosphate was inhibited during ischemia.
Earlier studies (5) (6) (7) (8) have shown that anoxia stimulates phosphofructokinase due to decreased levels of ATP and increased levels of ADP, AMP, and P t . In the present study, the levels of ATP and creatine phosphate decreased and the levels of ADP and AMP increased in ischemic hearts (Table 1) . After 30 minutes of perfusion, the levels of these metabolites had changed to about the same extent in both ischemic and anoxic hearts. Yet, unlike anoxia, ischemia reduced the rate of flux through glycolysis. This decrease in flux occurred even though the level of glucose-6-phosphate (and presumably fructose-6-phosphate) increased, indicating that phosphofructokinase was inhibited. Inhibition of this enzyme during ischemia could have resulted from an increased tissue level of citrate (an inhibitor), a decreased rate of disposal of products, or a decreased intracellular pH. Tissue levels of citrate (Table 1 ) and pyruvate (Table 3) both remained low during ischemic perfusion. Glycolytic intermediates between glucose-6-phosphate and pyruvate were not measured; therefore, the role of other enzymes in restricting glycolysis could not be determined. A decrease in intracellular pH due to accumulation of tissue lactate would appear to be a likely cause of glycolytic inhibition.
Effects of Ischemia and Anoxia on Lactate Production and Accumulation in the Tissue.-The level of lactate in the coronary effluent progressively increased throughout 24 minutes of perfusion Hearts were perfused as described for Figure 2 with buffer containing 11 mM glucose for the time periods indicated. The perfusate was allowed to pass through the heart once. Intracellular lactate was calculated by subtracting the lactate preseat in the sorbitol space (extracellular space) from total tissue lactate and dividing this value by the average intracellular volume (2.5 •*• 0.09 ml/g dry wt).
during ischemia (Table 3 ). Significant accumulation of lactate in the tissue did not occur, however, until after about 4 minutes of perfusion. Accumulation of lactate in the tissue after 4 minutes was followed by rapid ventricular failure between 5 and 8 minutes of perfusion (Fig. 1) . As ventricular failure progressed, coronary flow continued to decrease and lactate accumulated to very high levels in the tissue. Accumulation of tissue lactate resulted from an increased diversion of pyruvate from oxidation within the citrate cycle to formation of lactate and a decreased rate of removal of tissue lactate. The level of pyruvate was not greatly altered in ischemic tissue, but the ratio of the lactate to pyruvate increased tenfold. These data indicate that the cytosol became more reduced and that pyruvate produced from glycolysis was diverted to formation of lactate by a high ratio of NADH to NAD. The importance of coronary flow in maintaining low levels of tissue lactate is emphasized by comparing the rates of lactate production and accumulation in the tissue of control, ischemic, and anoxic hearts. Sluggish coronary flow resulted in a hundredfold increase in the extracellular concentration of lactate that was reflected by the rise in coronary effluent lactate, and the level of intracellular lactate increased about tenfold. However, in anoxic tissue extracellular lactate increased about tenfold and intracellular lactate increased only about twofold, even though lactate production was faster in anoxic hearts (Table 2) . A lactate gradient existed between the intracellular and extracellular spaces under all conditions ( Table 3 ). The gradient was much larger in ischemic hearts than it was in control or anoxic hearts. The difference between intracellular and extracellular lactate after 30 minutes of perfusion was 2.8, 19.8, and 4.6 mM in control, ischemic, and anoxic hearts, respectively. In spite of this high concentration gradient for lactate diffusion out of the cell, removal of lactate from the ischemic tissue did not keep pace with its production.
Effects of Insulin and High Levels of Exogenous Glucose on Glucose Utilization in Ischemic Hearts.
-Infusion of a mixture of insulin, glucose, and potassium has been used in attempts to reduce infarct size following coronary artery ligation in dogs (25) (26) (27) . Insulin or high levels of exogenous glucose should increase glucose utilization by stimulating glucose transport and hexokinase and phosphofructokinase through increased intracellular levels of substrate. Because the present study demonstrated an inhibition of glucose utilization in CircuUlum Rtsurcb, Vol. XXXII, ]u-19'/'3 ischemic hearts, the effects of insulin in hearts with whole-heart ischemia were examined.
In the absence of insulin, the levels of intracellular free glucose remained too low to be detected in both control and ischemic hearts. In the presence of insulin (25 munits/ml), transport was stimulated, and free glucose accumulated in the tissue. Ischemia did not significantly influence the level of free intracellular glucose. Intracellular glucose was 2.2 ±0.6 mM and 2.4 ±0.6 mM in control and ischemic hearts, respectively, after 8 minutes of perfusion. Accumulation of intracellular glucose in the presence of insulin was increased by raising the extracellular concentration of glucose from 11 to 22 mM. Under these conditions, free intracellular glucose was 21 ± 3 mM in both control and ischemic hearts.
Although insulin stimulated glucose transport and resulted in accumulation of free glucose inside the cell, the hormone did not overcome the inhibition of glucose utilization that developed during ischemia (Fig. 3) . The preischemic and control rates of glucose utilization were increased about twofold by insulin and 22 mM glucose (compare Figs. 2 and 3 ). This accelerated rate was significantly reduced in ischemic hearts after about 3 minutes of perfusion PERFUSION TIME (min)
FIGURE 3
Effects of insulin (25 and was reduced 50% after 12 minutes. Although reduced from the insulin-treated control rate, glucose utilization by ischemic hearts was somewhat higher in the presence than in the absence of insulin (compare Figs. 2 and 3) . These data support the conclusion that inhibition of glucose utilization during ischemia developed at some step within the glycolytic pathway and indicate that this inhibition was only partially overcome by treating the tissue with insulin and high levels of exogenous glucose.
Effects of Insulin and 22 mM Glucose on the Time of Onset of Ventricular Failure and the Energy State of Ischemic
Tissue.-As discussed previously (14) and as indicated in Figure 1 , ventricular pressure development decreased slowly in ischemic hearts until the peak systolic pressure reached about 60 mm Hg, and then a rapid phase of ventricular failure occurred. Hearts varied considerably in the time required for pressure development to decrease to 60 mm Hg, but the decrease from 60 to 30 mm Hg occurred consistently in about 2 minutes (14) . In the earlier study, a peak systolic pressure of 30 mm Hg was arbitrarily chosen to represent ventricular failure, and by this criterion 80% of the hearts failed between 5 and 10 minutes of ischemia. The effects of insulin and 22 mM glucose on the rate of ventricular failure and the energy state of ischemic hearts are shown in Table 4 . In these experiments, one group of hearts was perfused during ischemia until the peak systolic pressure had decreased to 60 mm Hg. Another group was perfused until pressure development had decreased to 30 mm Hg. In a third group, perfusion was continued for 10 minutes after peak systolic pressure had decreased to 30 mm Hg. Ventricular failure occurred at the same time in the presence and the absence of insulin. Insulin and 22 mM glucose did not improve the energy state of the tissue as indicated by the fall in creatine phosphate and ATP and the increase in ADP and AMP. The level of glucose-6-phosphate was somewhat higher in insulin-treated hearts, and associated with the faster rate of glucose utilization tissue lactate was higher in all three groups in the presence of insulin. Ventricular failure, both in the presence and the absence of insulin, occurred when about 75% of the initial level of ATP still remained in the tissue. Failure under both conditions was associated with high levels of tissue lactate. These data indicate that the presence of insulin and high levels of exogenous glucose did not improve the energy state of the tissue nor prolong the onset of ventricular failure in ischemic hearts. The higher levels of tissue lactate in insulin-treated hearts, especially after 20 minutes of ischemia, might have resulted in a lower intracellular pH and a more severe degree of tissue damage.
Discussion
The biochemical mechanisms that accelerate glycolysis and glycogenolysis in anoxic heart muscle have been studied extensively and are discussed in recent reviews (13, 15, (28) (29) (30) . Phosphorylase b is activated through decreased levels of ATP and increased levels of AMP and Pi. Activation of phosphofructokinase is facilitated by decreased ATP and increased ADP, AMP, and Pi. The mechanism for the activation of glucose transport is not understood (10, 11) ; however, changes in the levels of adenine nucleotides may be involved. The effects of ischemia on glycolysis and glycogen utilization are not as well understood as are those of anoxia. A clear distinction between anoxia, hypoxia, and ischemia is not always made in the literature, and extrapolations from anoxia have frequently been used to explain the metabolic effects of ischemia.
Although there are many similarities in the functional and metabolic responses of the heart to these conditions, Fischer et al. (31) have shown that the contractile force of in situ papillary muscle decreases more rapidly in response to ischemia than it does to anoxia. The present study clearly indicated that the metabolic consequences of ischemia were very different from those of anoxia. Both conditions resulted in greatly reduced levels of creatine phosphate and ATP and increased levels of ADP, AMP, and, presumably, Pi. These changes should accelerate glycogenolysis and utilization of exogenous glucose. About 80$ of the tissue glycogen was utilized after 30 minutes of perfusion under both conditions, but the rate of glycogenolysis was faster in anoxic hearts during the first few minutes of perfusion. Utilization of exogenous glucose was accelerated during anoxia, but this process was inhibited in ischemic hearts.
Previous work has indicated that glucose utilization is increased in the in situ ischemic dog heart (16, 17) . In these experiments, however, blood flow to the left coronary artery was decreased and venous samples were collected from the coronary sinus; this procedure only allows the average rate of glucose utilization by a mixed population of relatively normal, hypoxic and ischemic cells to be determined, and the data are difficult to interpret. Decreased glycolysis in the ischemic cells could Circulation Rtstrcb, Vol. XXXII, /»»« 1973 have been masked by increased glucose utilization in the normal and the mildly hypoxic cells due to both increased mechanical work by these cells and increased stimulation by hormones.
Anoxia accelerates the rates of both glucose transport across the cell membrane and phosphofructokinase (2, 6, 11) . In ischemic hearts, transport was not increased, and flux through phosphofructokinase was decreased. The rate of lactate production was increased under both conditions, but the rate was about twice as fast in anoxic hearts. Lactate production decreased in ischemic hearts after about 15 minutes of perfusion; however, the accelerated rate was maintained in anoxic hearts. After 30 minutes of perfusion, intracellular lactate had increased from 4 mM in control hearts to 9 mM in anoxic hearts and to 41 mM in ischemic hearts. Extracellular lactate was 0.05, 0.9, and 5.0 mM in control, anoxic, and ischemic hearts, respectively.
The mechanisms that result in decreased glycolytic flux and accumulation of lactate in ischemic hearts compared with anoxic or control hearts are not completely understood. Although a reduced rate of glucose utilization could have resulted from a limited supply of exogenous glucose as the coronary flow was reduced, the possibility seems unlikely for several reasons. (1) The rates of utilization of glycogen and exogenous glucose in ischemic hearts were slower than they were in anoxic hearts, indicating that inhibition involved some intracellular process. ( 2) The accumulation of glucose-6-phosphate in ischemic hearts indicated that disposal rather than production of hexose monophosphates limited the rate of glycolysis. (3) The percent extraction of perfusate glucose on one pass through the heart or even after recirculating 40 ml of perfusate for 20 minutes was too low to be measured by enzymatic means. When glucose utilization was estimated by measuring 3 H2O production from s H-5-glucose, only about 6% of the glucose label was converted to 8 H 2 O at the lowest rates of coronary flow. This high concentration of glucose in the coronary effluent suggested that delivery of substrate did not limit glycolysis. (4) Glycolysis was inhibited in ischemic hearts treated with insulin and 22 mM glucose, although high levels of intracellular free glucose and glucosesphosphate were present.
The possibility that coronary flow was not equally distributed throughout the tissue seems unlikely, since the perfusion pressure was reduced to all of the coronary arteries. Initially, coronary flow was reduced about 60%, but after ventricular failure occurred the flow rate decreased as much as 97%. The tissue content of glycogen decreased about 80%, creatine phosphate about 90%, and ATP about 70%. These changes indicated that at least 80-90% of the tissue must have been subjected to reduced flow. In the studies on transport of 3-O-methyl glucose, the same percent of the total intracellular H2O was equilibrated with this sugar in ischemic and control hearts after 4 and 12 minutes of perfusion, indicating that all cells were exposed to the same extracellular concentration of sugar. Also, studies on u C-sorbitol washout from hearts previously equilibrated with sorbitol indicated that coronary flow was equally distributed in ischemic hearts. The ratios of tissue counts/min g~x dry weight to perfusate counts/min ml" 1 after washout with sorbitolfree perfusate (5 ml) were 13.3 ± 1.3 and 10.4 ± 2.6 for control and ischemic hearts, respectively.
Decreased glucose utilization, therefore, appeared to result from inhibition of enzymatic steps within the glycolytic pathway. The mechanism of this effect is not known, but inhibition was associated with accumulation of high levels of tissue lactate and presumably with a decreased intracellular pH. The activities of both phosphofructokinase (32) and glyceraldehyde-P-dehydrogenase (33) are sensitive to a decrease in pH. Also, the rate of glyceraldehyde-P-dehydrogenase could have been restricted by a high cytosolic ratio of NADH to NAD. The increase in this ratio during ischemia was indicated by a tenfold increase in the ratio of lactate to pyruvate.
Accumulation of intracellular lactate was also associated with the initial failure of ventricular pressure development and with the onset of irreversible tissue damage (14) . After about 8 minutes of perfusion during ischemia, intracellular lactate was about 12 mM, and a rapid phase of ventricular failure occurred. Peak systolic pressure development decreased from 60 to 30 mm Hg in about 2 minutes. This phase of failure could be reversed by restoring coronary flow. Irreversible ventricular failure occurred in 100% of the hearts after about 35 minutes of ischemic perfusion. By this time intracellular lactate had increased to 25 mM. The association between intracellular lactate and the initial, reversible failure might be related to the reduction in calcium binding to the contractile protein (34, 35) or to the alteration in calcium binding to the sarcoplasmic reticulum (36) caused by decreased pH. Compartmentalization of ATP in a pool inaccesible to the contractile proteins could also be involved (12).
Dehaan and Field (37) and Brachfeld (38) have reported that high levels of tissue lactate may lead to irreversible tissue damage through decreased pH and activation of proteolytic enzymes. Heart muscle has been shown to contain lysosomes (39) , and the number of autophagic vacuoles and the acid phosphatase activity increase during long-term perfusion of isolated rat hearts (40) . Cathepsin activity in the supernatant fraction of heart muscle increases after 60 minutes of autolysis (38) . Increased release of enzymes from liver lysosomes results from ischemia and decreased pH (41) . An increase in proteolytic activity during ischemia could result in destruction or alterations of key enzymes and contractile proteins. Therefore, the rate of lactate production by ischemic tissue could account for more than 100% of the glucose utilized during much of the perfusion time. This extra lactate could have been produced from amino acids if the rate of protein hydrolysis was accelerated. Preliminary data from electron microscopic studies indicate that tissue destruction does occur at a greatly accelerated rate in ischemic hearts compared with that in anoxic or control hearts.
The reason lactate accumulated to such high levels in ischemic tissue is not clear. Lactate might permeate cell membranes by simple diffusion of the unionized form (42) . The permeability of the unionized form of several weak acids is about 500 times that of the anionic form (43) . The net flux of these weak acids is proportional to the concentration gradient for the unionized form, and, since the ratio of anionic to undissociated acid depends on the pH, net flux of the acids is also pH-dependent. The pK for lactate is 3.85 at 37°C, and, from the Henderson-Hasselbach equation, the ratio of anionic to undissociated acid would be about 3000 to 1 at pH 7.4. A decrease in pH to 6.4 would lower this ratio to about 300. Therefore, a reduction in intracellular pH during ischemia or anoxia should increase the fraction of lactate in the unionized form (diffusible form) and thus increase the lactate efflux. If the rate of flux of anionic lactate is insignificant compared with the rate of unionized lactate, the ratio of intracellular to extracellular lactate in a steady-state should reflect the relative pHs of these two spaces. This ratio was reduced from about 70 in control hearts to about 4 in ischemic hearts and 7 in anoxic hearts, indicating that a decrease in intracellular pH occurred under conditions of low oxygen supply. A decreased intracellular pH in heart muscle has been reported following circulatory arrest (44) .
The concentration gradient for lactate efflux would therefore increase from both an increase in total lactate and a decrease in intracellular pH. However, in ischemic hearts lactate accumulation was about four times that in anoxic hearts even though lactate production was faster during anoxia. Intracellular accumulation of lactate occurred in ischemic hearts in spite of an eight-to tenfold increase in the intracellular to extracellular gradient for total lactate. After 30 minutes of perfusion, this gradient was 2.8, 4.6, and 19.8 mM in control, anoxic, and ischemic hearts, respectively. Thus, if a decrease in intracellular pH was associated with lactate accumulation, the rate of efflux should be much faster in ischemic hearts than in anoxic hearts, but it was not. An accumulation of lactate in ischemic hearts could be explained if a decrease in the extracellular pH occurred. A lower extracellular pH would hinder net lactate efflux by increasing the fraction of extracellular lactate in the unionized form and thus accelerating the rate of influx. A decrease in the pH of the coronary effluent could not be detected, however, suggesting that a large change iin extracellular pH did not occur. This finding does not rule out local changes in the pH of interstitial fluid at the level of the cell membrane.
Theoretically, the accumulation of tissue lactate does not support a decrease in intracellular pH. Assuming a pH of 7.4 for both the intracellular and extracellular spaces of control hearts, the lactate concentration difference between these spaces would be about 2.6 mM for the anionic and 7.5 X 10-4 mM for the unionized form. If the pH did not change in either space during ischemia, these differences would be 20 mM and 5.6 X 10" 8 mM, respectively, and lactate efflux should increase about 8 times in ischemic hearts. If the intracellular pH decreased to 6.4, the concentration gradient for unionized lactate would be 6.8 X 10" 2 mM in ischemic hearts, 90 times the control gradient. However, at the end of 30 minutes of perfusion, lactate released into the coronary effluent was only slightly higher in ischemic hearts than it was in control hearts (Table 2 ). To account for the accumulation of lactate in ischemic hearts on the basis of lactate penetration of the cell membrane by simple diffusion of the unionized form, the intracellular pH would have to increase or the extracellular pH would have to decrease. A change in intracellular pH from 7.4 to 7.6 and in extracellular pH from 7.4 to 7.0 in ischemic hearts would result in a decrease in the concentration gradient of unionized Circulation Rvmcb, Vol. XXXU, ]mu 1973 lactate from 5.6 X 10"* mM to 8.7 X lO^4 HIM, which is only slightly larger than the gradient in control hearts. Such a change in pH could account for the accumulation of lactate in ischemic hearts even in the presence of a high concentration gradient of total lactate. From available data, however, an increase in intracellular pH seems unlikely, and other mechanisms for regulation of lactate transport should be considered.
Insulin, glucose, and potassium solutions have been used in attempts to improve energy production and survival of ischemic tissue (25) (26) (27) . The present study indicated that insulin and high levels of exogenous glucose probably would not benefit severely ischemic tissue. Glycolysis was inhibited by reducing coronary flow in hearts perfused with insulin and 22 mM glucose. If inhibition of energy production and contractile activity and onset of irreversible tissue damage result from accumulation of lactate, insulin may even be detrimental to ischemic hearts. Tissue lactate was higher when insulin and high levels of glucose were added to the perfusate. Tissue levels of creatine phosphate and ATP decreased to the same extent in the presence and the absence of insulin, and the initial, reversible phase of ventricular failure occurred at the same time in both groups of hearts.
If insulin improves the survival of ischemic tissue, the effect may be due to its action on reducing protein degradation and development of autophagic vacuoles (45) and to its effect on increased protein synthesis in infarcted myocardium (46). Insulin may also be more effective in maintaining glycolysis in less severely ischemic tissue than that used in the present study. Occlusion of a coronary artery results in an area of severely ischemic tissue and a peripheral area receiving collateral flow that is not so severely ischemic. Insulin and high levels of glucose may be beneficial in this peripheral area where oxygen supply is sufficient to allow some oxidative metabolism of pyruvate.
